Abstract-The importance of being able to design affordable, high-performance, millimeter-wave transmitters for digital communications and radar applications is increasing. To this end, two monolithic millimeter-wave vector modulators have been realized at 38 and 60 GHz for use in direct multilevel carrier modulation. It is shown that, by employing balanced biphase amplitude modulator elements, accurate constellations are achieved with broad-band operation from 20 to 40 GHz and 55 to 65 GHz. Modulations of 16-and 256-QAM have been demonstrated, both at 38 and 60 GHz, using this technique. Each balanced biphase amplitude modulator uses a pair of reflection-type attenuators operated in push-pull mode. This study investigates the suitability of this topology for use as a full biphase amplitude modulator for multilevel digital modulation schemes. It is found that the technique is very robust and the resulting analog vector modulator can be a very important component for many future millimeter-wave applications.
I. INTRODUCTION

D
IRECT modulation of the carrier signal [1] , [2] has been shown to be an attractive means of reducing hardware complexity and cost for wireless applications. If a conventional microwave mixer is used to upconvert the modulated signal from a low frequency to the transmission frequency, it would be impractical to filter out the unwanted sidebands at the carrier frequency. As a result, a transmitter usually requires an IF modulator followed by a complex chain of mixers, filters, and amplifiers. However, for millimeter-wave applications where cost remains a major factor restricting the widespread use of wireless systems, direct modulation is a very attractive means of realizing low-cost transmitters. Simple modulators for schemes such as amplitude-shift keying (ASK), binary phase-shift keying (BPSK), and frequency-shift keying (FSK) can be designed using a wide range of techniques. ASK modulators could employ switches, BPSK modulators could use 180 phase shifters, and FSK modulation can be achieved with either a switched voltage-controlled oscillator (VCO) or one of several small-shift frequency translation techniques available. For quadrature modulation schemes such as quaternary (or quadrature) phase-shift keying (QPSK) and quadrature amplitude modulation (QAM), an in-phase channel and quadrature-phase channel (I-Q) vector modulator is widely used [3] , [4] . Recently reported direct carrier frequency modulators performances are summarized in Table I .
There are two generic types of microwave vector modulators. The first is the cascaded (or -) modulator, which simply consists of an attenuator in cascade with a phase shifter [5] . The second is the tandem modulator, which consists of a phase-splitting power-divider that creates either two or four channels, which are individually amplitude modulated and then power-combined in-phase. With the former type, which is commonly referred to as the I-Q vector modulator [6] - [8] , a quadrature 3-dB power divider is used to create the two orthogonal channels. An individual biphase amplitude modulator is assigned to each channel. The output signals from these amplitude modulators are then combined using an in-phase 3-dB power combiner (e.g., a Wilkinson combiner).
With quadrature modulation schemes, it is useful to think of an -level QAM signal as being two half-data-rate ASK signals that occupy the same bandwidth, but with an orthogonal phase relationship. A special case exists with QPSK, as it is both 4-PSK and 4-QAM. Therefore, a QPSK signal can 0018-9480/98$10.00 © 1998 IEEE be simply generated using two BPSK modulators. A common technique for realizing a BPSK microwave modulator is to employ a reflection topology using a Lange coupler with PIN diodes or FET's acting as switches on the coupled and direct ports, as illustrated in Fig. 1 . When the switches are ON, the ideal voltage reflection coefficient is 1 (i.e., a short circuit), and when they are OFF, the ideal voltage reflection coefficient is 1 (i.e., an open circuit). The reflected signals add constructively at the output port only. In practice, however, at high frequencies the parasitics of the switching devices start to dominate: the series inductance and resistance in the ONstate and the shunt capacitance in the OFF-state (i.e., when the FET is biased at pinchoff). This means that the performance is far from ideal, as it suffers from both amplitude and phase errors. It is very difficult to tune out these parasitics in a wideband design.
A -band balanced BPSK modulator employing switched amplifiers was reported by Lo et al. [9] . Here, a pair of amplifiers is configured in a topology similar to a balanced amplifier, employing input and output Lange couplers. However, the output is taken from the isolation port, which is normally terminated with a "dummy" load. As a result, if the amplifiers are switched ON and OFF in a push-pull mode, then a BPSK signal is generated at this isolation port. A practical drawback of this approach is that the input and output impedance matching of the amplifiers change when switched. This upsets the symmetry of the circuit and introduces amplitude and phase errors. In an expanded paper, Lo et al. introduced an alternative solution employing reflection-type switching elements instead of switched amplifiers [10] . Since the reflection-type circuit maintains good port matching in either state, the amplitude and phase error problem is overcome and an almost perfect response can be achieved. The natural cancellation properties of this balanced modulator ensure broad-band operation with near perfect BPSK performance, even at millimeter-wave frequencies.
For multilevel QAM, an I-Q vector modulator is realized employing two balanced biphase modulators operated in quadrature. Each biphase modulator has to be operated at a number of different amplitude settings (e.g., two settings for 16-QAM and eight settings for 256-QAM, each with 0 and 180 phase offset) and still needs to be operated in a push-pull mode. However, unlike the BPSK case, there is no guarantee that the constellation is perfect: while the balance of the circuit is perfect for any pair of diametrically opposite points on the constellation, it is not always the case that all the different pairs of constellation points line up together properly. So it is necessary to explain this behavior in detail by characterizing the variable resistance elements and then investigating the practical performance of the biphase amplitude modulator.
II. COLD-pHEMT CHARACTERIZATION
Variable resistors are found in adaptive circuits and general microwave signal processing applications. Examples include tunable active inductors [11] , [12] , group delay synthesizers [13] , balanced modulators [6] , [13] , analog -attenuators [14] , and SPDT switches [15] , [16] . Traditionally, current-controlled PIN diodes are used to realize a tunable resistor with hybrid MIC technology. However, due to the more expensive foundry processing and the significant control power required, PIN diodes are not often used in monolithic applications. With MMIC technology, a tunable resistor can be realized using a voltage-controlled cold-FET [6] , [11] - [14] , [17] . Here, no dc bias is applied to the drain termination of a standard FET. A variable voltage is applied across the gate-source terminations. With a depletion-mode FET, the depletion region expands when the negative bias voltage increases. As a result, the drainsource channel resistance increases. When the bias voltage is equal to the pinchoff voltage, the channel resistance will be very large. Ideally, the cold-FET has zero drain-source resistance at zero bias and infinite resistance at the pinchoff voltage. In practice, however, the channel resistance at zero bias is much larger than zero (due to contact and access resistances), and although a very large resistance is obtained at pinchoff, the overall impedance is dominated by the reactances of the inherent shunt capacitance.
GEC-Marconi's commercial H40 pseudomorphic HEMT process was used for this study. Here, 0.25 m gate length AlGaAs/InGaAs pHEMT's are fabricated on 3-in diameter and 100-m thickness wafers. Accurate modeling of coldpHEMT's was performed using one-port -parameter measurements of a 2 60 m cold-pHEMT. The source termination was grounded and the reflection coefficients measured at the drain termination for gate bias points between forward bias and pinch-off. A simplified one-port equivalent circuit model for the cold-pHEMT requires only two bias dependent elements ( and ) as illustrated in Fig. 2(a) . The measured and fitted values of and , as functions of the gate voltage are shown in Fig. 2(b) and (c), respectively. A good approximation is obtained between the measured and fitted results. It can be seen that the cold-pHEMT acts predominantly as a variable resistor (having a resistance varying from 10 up to 6.1 k ) with a small shunt capacitance (having a value varying from 50 fF down to 17 fF).
The bias-dependent and have been characterized using the following empirical equations: 
III. SIMPLE MODULATOR
The circuit topology of the simple, single-stage modulator used here is based on the well-known reflection topology, as illustrated in Fig. 1 . The basic principle is that of the reflection termination is transformed into the of the circuit. Hence, a pure variable resistance would lead to a variable amplitude, achieving both positive and negative signs. Therefore, when the impedance of the reflection termination is set to 50
Identical reflection terminations are connected to the direct and coupled ports of the 50-Lange couplers, with the other two ports forming the circuit's input and output. The incoming signal at the input port is split equally between the direct and coupled ports, with a 90 phase difference. A further 3-dB split and 90 phase difference is introduced when the waves are reflected back through the coupler. When the two reflected signals are superimposed at the input port they are in antiphase and, thus, cancel. At the isolated port of the coupler the two reflected signals are inphase and, thus, reinforce each other to form the output signal.
For identical reflection terminations and an ideal coupler, the -parameter matrix of the circuit is given by (3) where the voltage reflection coefficient of the reflection termination.
The resultant phase shift of the device is given by (4).
It can be clearly seen from (4) how the phase shift of the circuit is dependent on For the parallel connection of the intrinsic resistance and capacitance of the coldpHEMT, as illustrated in Fig. 2(a) , the reflection coefficient is simply given by (5) where reference admittance standard for the system ( in most cases)
Hence the reflection coefficient can be expressed as (7) The attenuation and the phase can be obtained from (8) and (9) The above equations clearly show that the unwanted amplitude and phase variations of the modulator will be dictated by the bias dependency of the intrinsic resistance and parasitic capacitance of the cold-pHEMT. Using these equations, a Smith's chart plot of against bias can be determined, as illustrated in Fig. 3 . It can be seen that the constellation is far from ideal, suffering from both amplitude and phase errors.
IV. BALANCED MODULATOR
It is possible to remove the amplitude and phase errors caused by the parasitics of the pHEMT's by using a balanced modulator. The balanced modulator employs two reflectiontype modulators operated in a push-pull mode [9] , [10] , [19] , [20] . The input signal is effectively split using a balun, and the outputs from each branch, which are driven with complimentary control voltages ( and ), are combined inphase. The combined output is the vector sum of the two transmission coefficients. Since one branch is ON and the other is OFF, or vice versa, the response is now totally symmetrical with an ideal balun, even at millimeter-wave frequencies.
Since baluns are difficult to implement in monolithic technology, it is easier to use two Lange couplers to realize the 180 operation. One coupler is placed at the input and the other at the output of an arrangement similar to a balanced amplifier, as shown in Fig. 4(a) . The cold-FET reflection terminations are fed with complimentary control/baseband signals. Since Lange couplers are almost ideal, the balanced modulator gives near perfect amplitude and phase balance. The operation of this arrangement, in a BPSK mode, is illustrated in Fig. 4(b) .
Using the model for the cold-pHEMT and the corresponding equations for the bias dependent elements ( and ), the reflection coefficient of each single-stage biphase amplitude modulator can be calculated using (1), (2), (6), and (7). When two such single-stage modulators are connected in tandem to form the balanced modulator, the overall voltage transmission coefficient of the circuit is given by (10) where is the bias voltage applied to one of the single-stage modulators and is the bias voltage applied to the other single-stage modulator. It is possible to express as a function of only one bias voltage by using the following empirical equation:
The corresponding attenuation and phase responses of the balanced modulator, as a function of only one varying bias voltage, are illustrated in Figs. 6(a) and 7(a) , respectively. The voltage wave attenuation and phase responses of the simple modulator are found using (8) and (9), and are illustrated in Figs. 6(b) and 7(b), respectively, for comparison. It can be seen that excellent performances can be achieved when using the balanced modulator. First, with reference to Figs. 6 and 7, it can be seen that 256-QAM is possible. This is because the amount of amplitude variation and tuning curve symmetry are greatly improved with the balanced approach. The resulting QAM constellation can accommodate more points. However, this is not the case with the simple modulator, as all the necessary amplitude settings cannot be covered. For example, a minimum voltage wave attenuation of 5 10 is obtained when using the balanced modulator, compared with 0.2 for a simple modulator. More importantly, a phase shift of 180 is obtained with the balanced modulator when compared with 150 for a simple modulator. Therefore, the balance modulator can remove both amplitude and phase errors caused by the parasitics of the cold-FET's, even at millimeter-wave frequencies.
V. MONOLITHIC DESIGN AND MEASURED PERFORMANCE
The cold-pHEMT's were incorporated in the simulation using -parameters measured on a test wafer at the Queen's University of Belfast, U.K. The other key component, the Lange coupler, was modeled by GEC-Marconi using the library element in LINMIC. This was necessary in order to account for the multiple dielectrics used in the foundry process. All the other circuit elements (e.g., thin-film resistors, capacitors, microstrip lines) were modeled using (by Sonnet Software), using foundry data for verification.
A microphotograph of the biphase amplitude modulator chip designed for operation at 38 GHz, which measures 1.1 1.5 mm , is shown in Fig. 8 . The frequency response and static constellation were measured using a cascade on-wafer probe station and HP8510B vector network analyzer. The circuit achieved good impedance matching and with minimal amplitude and phase error over the 20-40-GHz frequency range. Fig. 9 shows the measured performance on a polar diagram of the BPSK chip used as a bi-phase amplitude modulator. In this case, the gate bias voltages were varied from 0 to 3 V for each section individually, with the other fixed at 0 V.
For multilevel modulation schemes, the cold-pHEMT's are controlled with an analog gate-source bias voltage signal. In this way, the circuit gives a continuous range of both positive and negative transmission coefficient amplitude values and can also be used as a multifunctional I-Q vector modulator, as illustrated in Fig. 10 . The vector modulator can then be used to implement multilevel digital modulation schemes such as QPSK, 16-QAM, 256-QAM, as well as used in other applications. Analog vector modulators have recently been shown to have advantages for signal processing in communications applications [21] . For example, analog control allows excellent sidelobe suppression to be achieved in digital communications and can be used for performing small-shift frequency translation [22] .
A. 38-GHz Vector Modulator
A microphotograph of the complete monolithic 38-GHz balanced vector modulator, which measures only 1.6 2.0 mm , is shown in Fig. 11 . A National Instruments AT-AO-6 dataacquisition board was programmed to generate the two sets of complimentary pseudorandom sequence baseband signals: and and and . The raw constellation measurements of the vector modulator, having no correction, can be seen in Fig. 12 for 16-QAM. For higher levels of modulation, the slight imperfections in the performance become more noticeable. For example, phase imbalance from ideal quadrature means that the constellation is not perfectly square. Fortunately, with analog control it is possible to correct these errors by careful adjustment of the and signals. and become interrelated, because if a constellation point is slightly southwest of its intended position, both its horizontal and vertical positions must be fine tuned. Therefore, a calibration procedure must be performed in which the and voltages for each constellation point are found. These voltages are stored in a look-up table, and a digital-to-analog converter (DAC) can then be used to generate the voltages in real time. Fig. 13 shows the 256-QAM constellation at 38 GHz after a quick manual calibration was performed. The magnitude and phase performance are within 1 and 2%, respectively. Higher accuracy and levels of modulation greater than 256-QAM (e.g., 1024-QAM) could be achieved with an automated calibration procedure. The ultimate limits being practical issues such as limited DAC precision and changes in circuit performance with temperature. In principle, both these limitations could be addressed with suitable engineering.
For the practical demonstrator presented here, a PC and DAC card were used to store the look-up table, create the pseudorandom sequence, and then generate the four analog control voltages. The measurement setup is shown in Fig. 14 . The symbol rate for this configuration was limited to approximately 125 Ksymbols/s, giving an equivalent data rate of 1 Mbits/s for 256-QAM modulation. Fig. 15 illustrates the random baseband signal, which represents 16 different amplitude settings needed to achieve 256-QAM modulation. The measured output spectral response at 38 GHz is shown in Fig. 16 , with no data prefiltering applied. The spectrum exhibits a textbook-style profile with deep nulls and negligible carrier breakthrough. 
B. 60-GHz Vector Modulator
A microphotograph of the complete monolithic 60-GHz balanced vector modulator is shown in Fig. 17 . The corresponding output spectral measurement of the modulator to the same baseband signal (shown in Fig. 15 ) is given in Fig. 18 . The symbol rate was approximately 125 Ksymbols/s, giving an equivalent data rate of 1 Mbits/s for 256-QAM modulation at the operating frequency of 60 GHz. An average insertion loss of 5 dB and worst-case input and output return loss of 10 dB have been achieved over the frequency range of 55-60 GHz, as illustrated in Fig. 19 . A 0.3 dB amplitude imbalance and 2 phase error were recorded. The measured bandwidth was limited by the bandwidth of the available RF source generator. Equally good results have been achieved with BPSK, QPSK, and 16-QAM, both at 38 and 60 GHz, with a symbol rate of 200 Ksymbols/s, which is the maximum achievable with the DAC used in this study. The limited symbol rates used are not inherent to the technology presented in this study. The bit rate could be increased considerably using dedicated DSP hardware and a high-speed DAC.
VI. CONCLUSIONS
The balanced modulator using reflection-type attenuators is an extremely robust technique which gives near-perfect BPSK performance and with negligible design effort. By employing two such modulators in an -modulator, nearperfect QPSK performance can be achieved. As a modulator for multilevel digital modulation, the circuit exhibits some degradation in performance with practical variable resistance elements, but with fine-tuning, excellent constellations can be achieved. Using a simple look-up table technique to calibrate the vector modulator, it has been shown that 256-QAM direct-carrier modulation can be implemented at 38 and 60 GHz with negligible hardware complexity. The 256-QAM vector modulator operating at 60 GHz is believed to be the highest multilevel modulation technique reported for thebalanced vector modulator type configuration. The simplicity of the circuit topology leads to a compact chip with high yield, because the FET's are used only as variable resistance reflection terminations. In conclusion, balanced vector modulators have been shown to be very promising for implementing high-performance millimeter-wave transmitters for digital communications and radar applications.
